the present in vivo pot culture study showed hexavalent chromium (Cr +6 ) induced phytotoxic impacts and its translocation potential in 21 days old sesban (Sesbania sesban l. merrill.) seedlings. Cr +6 showed significant growth retardation in 21 days old sesban (Sesbania sesban l. merrill.) seedlings. germination of seeds at 10,000 mg l -1 of Cr +6 exhibit 80% inhibition in germination. seedling survival was 67% after 7 days of seedling exposure to 300 mg kg -1 of Cr +6 . shoot phytotoxicity was enhanced from 6% to 31% with elevated supply of Cr +6 from 10 mg kg -1 to 300 mg kg -1 . elevated supply of Cr +6 exhibited increasing and decreasing trends in % phytotoxicity and seedling tolerance index, respectively. elevated supply of chromium showed decreased chlorophyll and catalase activities. peroxidase activities in roots and leaves were significantly higher at increased supply of Cr +6 . Cr bioconcentration in roots was nearly 10 times more than stems whereas leaves showed nearly double accumulation than stems. Tissue specific chromium bioaccumulation showed 53 and 12 times more in roots and shoots respectively at 300 mg kg -1 Cr +6 than control. the present study reveals potential of sesban for effective Cr translocation from roots to shoots as evident from their translocation factor and total accumulation rate values.
introduCtion global industrialization, extensive mining activities and growing demands of increased human population in this twenty-first century leads to release of toxic heavy metal ions to the environment. heavy metal phytotoxicity limits plant growth and crop cultivation in acid soils and tremendously affects the crop mortality. fe, mo and mn are important heavy metals as micronutrients whereas Zn, ni, Cu, V, Co, w and Cr are toxic elements with high or low importance as trace elements. Chromium (Cr) is the seventh most abundant element on earth [19] . out of the different oxidation states of chromium (Cr), hexavalent (Cr +6 ) and trivalent (Cr +3 ) chromium are stable in nature. they differ in terms of mobility, bioavailability and toxicity. Cr +3 are essential for animal and human health whereas Cr +6 is a potent, extremely toxic, carcino-gen and may cause death to animals and humans, if ingested in large doses. Various mutagenic, toxic and carcinogenic effects have been imposed by chromium compounds in biological systems [10, 18, 20, 28] . Cr +6 usually occurs in association with oxygen as chromate (Cro 4 2-) or dichromate (Cr 2 o 2-7 ) oxyanions that have a long residence time and high solubility in the water [12] . Seed germination is the first physiological process affected by Cr +6 [22] . the metal ions exert their toxic effect on cell metabolism when it reaches a threshold level in soil. sensitive species serve as an indicator and tolerant species which retain large amount of metals in their cell wall without causing any damage to cellular system, were detected as accumulators.
widespread use of chromium in several industrial and mining activities leads to the release of toxic hexavalent chromium to environment. hexavalent chromium (Cr +6 ) stress is one of the major problems in chromite mining area of orissa (india). the state of orissa accounts for 98% chromite reserve of the country [18] . Sesbania sesban l. merrill. commonly known as sesban has proved to be extremely popular leguminous agroforestry species due to its fast growth and wide use as fuel and fodder. it has also proved to be extremely tolerant of a wide range of sites including those which can be regarded as difficult such as saline, waterlogged. Sesban plants have high efficiency in fixing atmospheric nitrogen and producing high biomass. these plants are used as a fodder and forage plant in india and taiwan [1] . it is also planted as an intercrop for soil improvement because it bears nitrogen fixing root nodules. Considering the above positive traits, the plant could be effectively employed for reclamation of mine sites which overcome the two major problems for plant establishment on mine tailings i.e. toxicity of heavy metals and deficiency of major nutrients. this warrants exhaustive investigations on phytotoxic impacts of varying doses of Cr +6 along with its concentration in different plant tissues. there is a huge dearth of information on the toxicological responses in sesban plant under Cr stress. the present study aimed to assess the phytotoxic impacts of Cr +6 which include growth impairment studies, physiological, biochemical and toxicological changes in 21 days old sesban seedlings exposed to varying concentrations of hexavalent chromium.
materials and methods

experimental design and plant material
pot culture experiments were conducted in completely randomised design in the nursery site of post graduate department of Botany, utkal university, odisha, india during the month of January to april. dry graded seeds of sesban (Sesbania sesban l. merrill.) were procured from Central rice research institute, Cuttack and were surface sterilized with 0.1% mercuric chloride (w/v) for 5 minutes.
Germination study
the pretreated uniform healthy sesban seeds were germinated in petri dishes over saturated cotton pads supplemented with different concentrations of Cr +6 (source: K 2 Cr 2 o 7 ) viz. 5 mg l -1 , 10 mg l -1 , 100 mg l -1 , 200 mg l -1 , 500 mg l -1 , 1000 mg l -1 , 1500 mg l -1 , 2000 mg l -1 , 2500 mg l -1 , 3000 mg l -1 , 4000 mg l -1 , 5000 mg l -1 , 8000 mg l -1 , 10000 mg l -1 along with a control for two days inside Bod incubator at 25 ± 2 °C. after 48 hours (two days) the number of germinated seeds under each treatment of Cr +6 was recorded. the germination percentage and germination index (ig %) of seeds were calculated [20] .
Growth of sesban seedlings
the seeds were germinated in earthen pots (size: height 30 cm and diameter 15 cm) containing 5 kg garden soil (control: Cr +6 -0 mg kg -1 ) and after 7 days of plant growth in uncontaminated control garden soil, the pots were supplemented with selected concentrations of Cr +6 (10 mg kg -1 , 100 mg kg -1 , 200 mg kg -1 and 300 mg kg -1 ) (Cr +6 treatments were in values of mg per kg dry weight of soil) and were grown at the nursery site of department of Botany, utkal university for 21 days. so, 21 days old seedlings meant for the seedlings treated for 21 days with different concentrations of Cr +6 . pots supplemented with half strength hoagland nutrient solution were taken as control treatment. one mg kg -1 Cr treatment is considered as 1 ppm.
Toxicological analyses
the toxicological effects of Cr +6 were expressed in terms of % phytotoxicity, germination index and tolerance index (ti), translocation factor (tf) and total accumulation rate (tar) which were calculated by the methods prescribed by mohanty and patra [19] , labra et al. [14] and datta et al. [9] .
Analysis of biochemical parameters
analysis of seedling growth, pigment content and proline accumulation was conducted using 21 days old sesban seedlings. the extraction of chlorophyll was made using cold alkaline acetone (80% v/v) and calculated as per the methods of arnon [3] with a little modification [23] . Proline was estimated as per method of Bates et al. [5] . enzyme extraction and assay were carried out at 4 °C. Catalase and peroxidase enzyme assay and activity were measured as per the method of Chance and maehly [8] with a little modification [21] .
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Total Cr bioavailability in plant tissues sesban seedlings treated with different concentrations of Cr +6 for twenty one days were analyzed for total Cr content in roots and shoots [19] . Before analysis of total Cr content, the roots were rinsed with 0.01 n hCl followed by washing with distilled water for removing mixed fe and Cr hydroxides, which may have precipitated on the root surfaces. root, stem and leaves of 21 days old sesban seedlings from different treatment pots of Cr +6 were oven dried and grinded separately to fine powders. Nitric acid (hno 3 ) and perchloric acid (hClo 4 ) in the ratio of 10:1 were added to the weighed and grinded plant powder samples (roots, stems and leaves) separately and kept for 24 hours overnight [19] . then the acid mixed plant samples were digested and extracted for metal content using mds-8 (microwave digestion unit). the acid digested solutions were filtered by Whatman No.1 filter paper and the final volume was made up to 100 ml with deionized water. total Cr bioaccumulation in different parts of plants were estimated by analysing those extracted liquid samples in an atomic absorption spectrophotometer (perkin elmer, aaanalyst 200, usa).
Statistical analysis
the experiments were conducted in triplicates for each treatment and the data presented in the figures and tables are mean ± SEM (Standard Error of Mean) of three replicates. lsd values were calculated and dmrt test was conducted showing significant variation in treatment means.
results and disCussion
Seed germination affected by Cr stress
the seed germination test under increasing concentrations of Cr +6 ranging from 10 to 10,000 mg l -1 showed gradual inhibition. seeds germinated under different concentration of Cr +6 showed significant reductions in germination percentage as compared to control ( fig. 1) . the germination % ranged from 20-98% with decreasing concentrations of Cr +6 treatments ( fig. 1) . the reduced germination of sesban seeds under Cr +6 stresses was due to the depressive effect of Cr on the subsequent transport of sugars to the embryo axis [29] . the percentage germination index (ig%) computed from combined data was reduced to 59% when the seeds are exposed to 300 mg l -1 of Cr +6 (table 1) . the % survival of seedlings after treatment with increasing concentrations of Cr +6 was also reduced from 87% (control -0 mg kg -1 of Cr +6 ) to 67% (300 mg kg -1 of Cr +6 ). the reduction in germination of sesban seeds was attributed to increased protease activity under chromium stress [9, 29] .
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Analysis of growth indices impairment in response to Cr +6 stresses the growth parameter studies of 21 days old sesban seedlings under different treatments of Cr +6 showed significant deterioration in seedling growth with increasing supply of Cr +6 (Table 1) . Root and shoot length of sesban seedlings were significantly (at P ≤ 0.05) affected with toxic concentrations of Cr +6 among the different treatments in comparison to control after 21 days of growth. the effect of Cr +6 (300 mg kg -1 ) on root was found to be highly toxic as the length of the roots have been significantly reduced as compared to control. Similar results have been reported by several other workers in other plants [7, 28] . the deleterious effect was more pronounced in root and shoot biomass of 21 days old sesban seedlings supplemented with Cr +6 (300 mg kg -1 ). root growth inhibition is a primary toxic effect of heavy metals [26] and this parameter is an ideal index to measure the degree of tolerance. the difference in the tolerance index of roots and shoots towards different concentrations of Cr +6 showed a declining trend with increasing concentration of Cr +6 (table 1) . hexavalent chromium affects plant growth and metabolism by decreasing nutrient uptake and photosynthetic abilities [4, 19] . reduction of growth parameters was scored for all concentrations of Cr +6 tested; at low concentration of Cr +6 (10 mg kg -1 ) the damage was not fatal. a consistent (table 1) with the highest inhibition occurring at 300 mg kg -1 . A significant decrease in root length was observed when the sesban plants were supplemented with Cr +6 beyond 100 mg kg -1 concentrations. shoot length of sesban seedlings treated with different concentrations of Cr +6 showed significant difference from each other at P ≤ 0.05 (Table 1) . Root fresh weight values of seedlings treated with Cr +6 (300 mg kg -1 ) significantly decreased in comparison to control and other treatments.
the % phytotoxicity to roots and shoots of 21 days old sesban seedlings under different Cr +6 treatments showed an increasing trend with increasing Cr +6 concentration. the highest % phytotoxicity value of shoot (31.3) was found in plants supplied with 300 mg kg -1 of Cr +6 . in case of % phytotoxicity of root, similar observation was found (table 1) . the different concentrations of Cr +6 significantly (P ≤ 0.05) contributed towards % phytotoxicity of root and shoot.
tolerance index (ti) represents the relative growth rate of the plants and is equal to the growth of seedlings under Cr +6 treatment divided by the growth in control, the quantity multiplied by 100. ti of roots length and fresh weight are commonly used to quantify plant metal tolerance as described by turner [24a] . the higher the ti, the better is the tolerance. results from the seedling tolerance studies showed that fresh weight ti was better than root tolerance index (table 1) . root lengths are less substantially impaired by Cr stress than fresh weights (table 1) . the data for ig%, % phytotoxicity and tolerance index indicates that sesban is less sensitive to chromium and is a tolerant species.
the results of the experiments highlight the complex nature of plants' tolerance to Cr +6 . the most likely explanation for the increased root tolerance is that there are increased activities of antioxidative enzymes like catalase (1:11:1:6) and peroxidase (1:11:1:7) in roots as compared to shoots (table 2). these enzymes are mostly associated with the scavenging of toxic free radicals produced as a result of Cr stress. these enzymes play important role to detoxify and sequester Cr, and therefore, the roots appear to be the major site of enzyme synthesis. This finding is consistent with the results obtained from previous studies with cadmium (Cd) tolerance conducted by Zhu et al. [30] . the researches found that the activities of catalase and peroxidase in the roots of sesban plants were about 2-fold higher than in shoots (table 2) . the translocation of less toxic and reduced amount of Cr from the root to the shoot through the xylem was probably driven by transpiration as reported for other metals by salt et al. [24] . another possible explanation for the observed difference between fresh weight and root length tolerance is that gluthathione (gsh) and phytochelatin (pC) are involved in heavy metal tolerance rather than uptake as reported by lee [15] . Table 2 antioxidative enzyme activity of 21 days old sesban seedlings under Cr +6 
Toxic effects of Cr +6 on biochemical parameters effect of Cr +6 on chlorophyll and proline content A significant deterioration in chlorophyll content of sesban leaves were observed with increasing supply of Cr +6 when grown for 21 days (fig. 2) . the increased Cr stress causing reduction in chlorophyll content was attributed to ultrastructural damage [19] . similar reports on the impacts of metal toxicity are available in different plants [13, 16] . an increased total chlorophyll content was observed at the lower level of Cr +6 (10 mg kg -1 ) treatment obviously due to better growth of sesban seedlings in comparison to control. the formation of chlorophyll pigment depends on the adequate supply of iron as it is the main component of the protoporphyrin, a precursor of chlorophyll synthesis. an excessive supply of chromium seems to prevent the incorporation of iron into the protoporphyrin molecule, resulting in the reduction of chlorophyll pigment [6, 9] . similar events of reduced pigment biosynthesis have been reported under salt stress. Chromium degrades δ-aminolevulinic acid dehydratase, an important enzyme involved in chlorophyll biosynthesis, thereby affecting δ-aminolevulinic acid (ALA) utilization; this results in the buildup of ALA and reduction of the level of chlorophyll [25] . Chromium, mostly in its hexavalent form, can replace mg ions from the active sites of many enzymes. Cr +6 also cause Fe deficiency Fig. 2 . total chlorophyll level and proline biosynthesis in Sesbania sesban seedlings after 21 days exposure to Cr +6 stresses in stressed plants, disrupting chlorophyll biosynthesis [16, 31] . the total chlorophyll content decreases linearly with increasing concentration of Cr +6 ( fig. 2 ).
increasing concentrations of Cr +6 shows linear increase in proline accumulation ( fig. 2) . proline content increases with the enhancing concentration of Cr +6 ( fig. 2 ) because the proline is the only amino acid that accumulates to a greater extent in the leaves of many plants under stress [19] . in the present investigation, higher proline content (114.7 mg gm -1 fr. wt.) was observed at 300 mg kg -1 of Cr and the decrease may be related with the reduced growth of plant. proline accumulation is an important parameter to recognize the stress impact on plants [19, 27] .
Proline accumulation may also help in nonenzymic free radical detoxifications [17, 19] . increasing proline level is considered to help the cells in osmoprotection as well as in regulating the redox potential, scavenging hydroxyl radicals and gives the protection against denaturation of various macromolecules [11] . Correlation coefficient (r 2 ) values exhibited good linear correlation between different increasing concentrations of Cr +6 and proline accumulation in 21 days old sesban seedlings. in the present context, a uniform increase in the proline level was noticed when the sesban seedlings were subjected to increased concentrations of Cr +6 .
effect of Cr +6 on catalase and peroxidase activity A significant increase in root and leaf catalase activities were observed in sesban seedlings treated with 10 mg kg -1 and 100 mg kg -1 Cr +6 , respectively, but the activity showed declining trend with increasing supply of Cr (table 2) . root and leaf peroxidase activities were significantly increased with increasing concentration of Cr +6 (table 2) . plants under different treatments of Cr +6 showed significant variation in their catalase and peroxidase activities. peroxidase (pod) and catalase (Cat) are two potent scavengers of h 2 o 2 , which minimize its accumulation and diffusion across cell membranes, preventing peroxidative damage to cell constituents. enhancement in the activities of both roots and leaf Cat activity were recorded at low Cr +6 stress (up to 200 mg kg -1 ) and this possibly contributed to better scavenging of h 2 o 2 in these plants. after the treatment with 300 mg kg -1 Cr +6 for 21 days, decreased Cat activities in roots and leaves were observed. this can be interpreted as a sign of cytotoxicity due to overproduction of reactive oxygen species (ros) [31] . peroxidase activity showed significant increase with elevated treatments of Cr concentration.
Chromium accumulation in sesban
Chromium accumulation in root stem and leaves gradually increases with supply of elevated concentrations of Cr which corroborate the findings of other researchers in different plants [32] . maximum Cr accumulation was observed in roots of sesban seedlings for all the treatments in comparison to stem and leaves ( fig. 3) . Cr accumulation in leaves was double than that of the stems. sesban seedlings after 21 days of growth in different concentrations of Cr +6 showed significant variations in their root, stem and leaf bioaccumulation pattern. maximum accumulation of Cr was observed for seedlings treated with 300 mg kg -1 of Cr +6 . shoot translocation of Cr was increased up to 200 mg kg -1 of Cr +6 supply as evident from their translocation factor values (table 3) . But at 300 mg kg -1 of Cr +6 supply the sesban seedlings showed stiff decline in Cr translocation which was due to high growth retardation. rate of total accumulation of Cr in 21 days old sesban seedlings increased 25 times in treatments of 300 mg kg -1 of Cr +6 than control as evaluated from tar (total accumulation rate) values (table 3) . NB: Mean in a column superscribed with different letters are significantly different at LSD* P < 0.05 by dmrt. Fig. 3 . total Cr bioavailability in root stem and leaf tissues of 21 days old Sesbania sesban seedlings under Cr +6 stress
